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FOREWORD

This work was performed in the laboratories of the Division of
Biological Sciences, National Research Council of Canada, Ottawa, Canada as
part of co-operative DND-NRC studies of the biological effects of nonionizing
radiation.

The report is written so that those who are only interested in using
calibrated probes of the BRH - Narda type need only read Chapter 1,
Section 2.3 and Chapters 5 and 6.

The remainder of the report will be of interest primarily to those
who are involved in the design, construction, evaluation and calibration of
implantable miniature electric-field probes.
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ABSTRACT

rr 
-

Aset 6f *~niature probes for determninglectric fields in tissue
was evaluated and callbrated' fpr use in micr ave bibeffects studies at
2450 MHz. The calibra ons in Air and tissue-equivaient liquids were carried
out using a new S-band w uidethre ique The air d'libration using wave-

guide has an accuracy of 10% compared to-1#8Z for our\arjechoic-chamber
calibration. The average probe sensitivity in air is I - cm-2 for the
five probes calibrated and varies slightly with power density and probe. To

estimate probe sensitivity in tissue, a section of waveguide is filled with a

tissue-equivalent liquid and is separated from the air-filled waveguide by a

very thin (0,25 mm) planar spacer. The probe response is measured as a function
of position on either side of the spacer and extrapolated to the interface.

The ratio of probe sensitivity in air to that in test liquid is then determined
using the continuity of tangential E field across the spacer. Liquids wl/th
dielectric properties simulating both wet and dry tissues were I ed. For the
water-glycerol solution modelling wet tissue the probes are 3.0 -T0.6 times
more sensitive toV than or air. Wen ied in tissue the total calibration
error is estimated to be 30% forp d 40% for the specific absorption
rate at the site. One of the probiems with this probe design, the mechanical

weakness near the tip, has been eliminated in newer designs. The other pro-

blem, that the size of the probe tip ( 3 mm) is too large for optimal use in

small-animal organs, is more difficult o solve.
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RiSUME

On a 6valug et italonnf un ensemble de sondes miniatures, utilisfee
pour d6termirier lea champs ilectriquee dane des tissue, afin d'fitudier lea
effets biologiques des micro-andes A 2450 Mz. Lea fitalonnages dans l'air et
dans des liquides 6quivalant A des tissus ant fit effectugs au moyen d'une
nouvelle technique de guide d'ondes de la bande S. La precision de ia
calibration dans l'air est de ± 10? comparativement A ± 18% pour VC-talonnage
dane notre chambre ang-choique. La sensibilitt moyenne de ie sonde dana lair
eat 1,0 mV/em cm-2 pour lea cinq sondes itudifies, et elie varne lig~rement en
foinction de is densitfi de puissance et is sonde utiliaki. Pour estimer is
suusibillt6 de Is sonde dans un tissu, on remplit une section de guide d'ondes
avec unl iquide Aquivalent A un tisau et on i'isole du guide d'ondee rempli
d'air avec un espaceur plan tris mince (0,25 urn). La rfiponse de ia sonde eat
maur~e en fonction de sa position de chaque c 6 de l'eapaceur et extrapoi~e
1 l'interface. Le rapport de la. sensibilit6 de las sonda dane l'air A celle
dans le liquide d'eseai eat ensuite 6tabli en faisant appal A la continuit6
du champ E tangentiel A travers l'espaceur. On a employg des liquides syant
des proprigtgs diglectriques sirnulant des tissue secs et huuiides. Dane la
solution ,-au-glycfrol reprseantant un. tissu humide, on a trouvfi que lee sondes
4tafent 3,0 ± 0,6 fols plus sensibles A E2 que dane 1'air. Employfies dane
des tissue, on a eativag que l'erreur d'i6talonnage, totale des sondes eat
± 30% pour E2 et ± 40% pour le taux d'absarptian ap~cifique A l'empiacement de
mesure. Un des deux problimes propres 'a cette sonde, soit ia faible
r~sistance m~canique prae de 1'extr~mitg, a 6t rfaolu au moyen de nouvel-
lea formes. L'autre problime, c'est-i-dire extrgmit~e trop grosee (n3 mm)
pour itre utilieko convenablement dane lee petite organee d'animaux, eat plus
difficile A rfisoudre.
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1. INTRODUCTION

1.1 GENERAL

For microwave bioeffacts research it is desirable to know the local
rate of energy deposition at the site of action of the microwave radiation.
The rate of energy deposition is usually expressed as a specific
absorption rate, SAR (W/kg), and is known from the basic physics to be
given by

2
SAR ( Ol) ET ()

where ET is the total electric field-strength (rms V/m), G3is the
electrical conductivity (mho/m) and P is the density (k /m ) of the medium.
Since a and P are both known quantities, a measure of ET in the medium
gives the SAR.

Amongst others, Bassen and co-workers (1,2) have produced several
versions of implantable miniature electric field sensors and have
evaluated them for the cases of plane-wave irradiation in air and in
tissue-equivalent models.

1.2 GOALS OF THIS STUDY

We have obtained seven units of their single-axis dipole design,
produced by Narda Microwave Corporation. The aims of this study are:
(i) to develop and evaluate an S-band-waveguide calibration technique for
a 2450-MHz calibration -of the probes for use both in air and in tissue;

(ii) to evaluate the performance and utility of this particular probe
design, and (iii) to obtain calibration data for our probes.

1.3 PROBE CONSTRUCTION

The probes under evaluation were produced in 1978 by Narda Microwave
Corporation as model #25256. The design was that of the (US) Bureau of
Radiological Health, so they are also designated as BRH model 10. Our
evaluation was of five original probes, numbers 5,6,7,8 and 9, and of two
replacement probes, numbers 7B and 8B.

The probe design is shown in Fig. 1, and Fig. 2 gives details of

the dipole antenna construction in the tip. The short dipole is
constructed of two lengths of gold foil with a total length of 1.5 mm and
has a low-barrier Schottky diode as the detecting element. The miniature
antenna is encased in a 1.2-mm thick, 2.3-mm wide planar dielectric
substrate of dielectric constant ! 2 (2). The rectified dc voltage is
taken to a dc voltmeter through the two lines shown. They are constructed
of high-resistance material to prevent direct sensing of microwave energy
by the lines. The dipole is oriented at a 540 angle with respect to the
probe's long axis so that three successive rotations of the probe about
its own axis by 1200 results in dipole orientations in three mutually
perpendicular directions.
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Fig. 1. Photo of a miniature electric-field probe in the probe holder used
for both waveguide and anechoic-chamber calibration measurements. The
slotted waveguide assembly is filled with air to the left of the center
flange and with test liquid to the right.
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Fig. 2. Dcsign details for the miniature dipole antenna structure in the
probe tip (from Bassen, Franke, Aphey and Asian (2), with permission).
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The probe output voltage, Vi, for probe orientation number i
(i = 1,2,3), is proportional to a power of the electric field-strength,
Ei, along the dipole axis for that orientation:

V, B E2 n (2)

where BM is an empirical constant depending on the medium and n 1 1 for
an ideal diode, 0.95 ± 0.02 in practice. In describing our results we
will take n to be 1 and allow BM to vary slightly with Ei (or Vi).

Summing the three components of Eq. (?) gives the relationship
between the total voltage, VT, and the total electric field, ET

V = B F2  (3)
T M T

1.4 PROBE ELECTRICAL AND MECHANICAL PROBLEMS

At first, probe voltage readings were taken with a high-input-
impedance (1010 ohms) Keithley Instruments model 610C solid-state
electrometer. An RG 174/U miniature coaxial cable was used because of
its light weight and flexibility. Cable flexure noise was ± 0.2 mV,
causing no problems.

It became clear over a period of six months that the use of the
electrometer was occasionally causing the miniature probes to open circuit,
or 'burn-out" during the process of switching the electrometer off one
day and on again the next. An investigation of electrometer performance
failed to find any evidence of significant switching transients or
abnormal ac or dc currents from the electrometer which might cause this
problem.

H. Bassen* advised us that one of his BRH model 10 probes had burned out
when the digital voltmeter it was connected to was plugged into the ac
power lines. On his advice, we changed to using a Fluke Model 8000A
digital multimeter in the battery-operated mode. Probes were never exposed
to microwave radiation when not connected to the meter, as a precaution
against possible charge accumulation and subsequent discharge. Under these
conditions, no more probes have open-circuited. Bassen* believes the 10-20-
M-ohm input impedance of the voltmeter is what eliminates the burn-out
problem.

In addition to the probe burn-out problem, which destroyed three
of our five original probes, a mechanical weakness was found. The joint
where the flat 2.5-cm-long end section joins the 3-mm-diameter tube
section was weak, resulting in the loss of one probe in the first week of
use. The joint was strengtheaned with epoxy glue in the remaining probes,
which were used with as much care as possible, but despite this, one more
probe broke at the same place. Bassen et al. (2) reported that several
probe tip breakages occurred while probes were pushed through a sphere of
tLissue-equivalent material. A newer version of the probe, incorporating
an epoxy-fiberglass planar tip, has eliminated the breakage problem.*

* private communication
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Because of these electrical and mechanical problems with probes as
evaluation tests and calibration measurements were proceeding, the test
results are incomplete in places. In particular, no useful data was
obtained from probes 7 and 8 so only probes 5,6,7B,8B and 9 appear in the
tabulated data. At the time of writing, only (replacement) probes 7B and
8B are still operating.

2. CALIBRATION IN AIR-WAVEGUIDE TECHNIQUE

2.1 TECHNIQUE

For the calibration of probe response in air, the measurement
system of Fig. 3 was used with the matched load as the final waveguide
component. The VSWR of either test cell or matched load was measured
with a commercial slotted line. For the matched load, the VSWR is less
than 1 604 *The probe under test is shown in its holder in Figs. 1 and 3.
The 54 angle built into the holder allows one to rotate the probe to the
position of maximum response where the dipole is essentially parallel
(± 30) to the electric field in the waveguide. Defining the voltage for
this orientation as V 1, it 0was found that the voltages V 2 and V 3for the
other two orientations 1200 from the first were small, but not zero. The
average result for all probes tested was

V T= V I+V 2+ V 3=(1.07 ±0.02) V1. (4)

2
The calibration of V Tvs E Twas then made by first measuring V T/V for
each probe at one power level, and then determining V1 as a function of

The microwave frequency was determined within ± 3 MHz with a
calibrated coaxial transmission wavemeter. The frequency varied during
operation, and from day to day, but was always within 15 MHz of 2450 MHz.

Since the dipole antenna is positioned asymmetrically inside a
dielectric slab it is possible that wave distortion effects might result
in a difference between the readings for a wave approaching the probe
"from behind", as in Fig. 3, as compared to a wave approaching from the
opposite direction. The measured difference in response was less than
2% and was neglected.

2.2 WAVEGUIDE POWER DENSITY AND ELECTRIC FIELDS

The relationship between the total electric field at the center of
the waveguide, ET, and the net forward power in the waveguide, is derived
in Appendix I. The derivation takes into account the fact that the wave
impedance for the TE10 mode is larger than 377 ohms by the ratio of the
guide wavelength to the free-space wavelength. By this measurement the
value of BM for the air medium, designated BA, was determined. Since the
probe is also used to measure the power density in free space, Pd, and
since Pd = E2/377 (in MKS units) the equation relating VT o~ may alsoTTtod
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be written as:

VT = CA Pd" (5)

CA de ends slightly on the value of Pd (or VT). Using working units of
mWcm for Pd, mV for VT, mV/mWcm 2 for CA and mV/V2m 2 for BA, it can be
shown that

CA = 3770 BA  (6)

Z.3 RESULTS

The resulting calibration curves of VT vs Pd for probes 7B and 8B
are shown as Figs. 4 and 5, respectively. On the log-lo1 plot shown, the
points lie on a straight line from about 0.5 to 15 mW/cm with a slope
equal to the power-law index, n. The probe response coefficient,
CA & 1 mV/mWcm - 2, can be read off the curve at different values of P It
has been tabulated along with n for all probes tested at 1, 10 and 50
mW/cm 2 in Table IV of section 3.3, where it is compared to other
determinations in air.

The possible errors contributing to the calibration are listed and
estimated in Table I, where the best estimate of the total error is shown
to be ± 10%.

3. CALIBRATION IN AIR - OTHER TECHNIQUES

3.1 ANECHOIC CHAMBER CALIBRATION

Probes 7B and 8B were also calibrated in the NRC anechoic chamber
described by Assenheim and Hartsgrove (3). It was found impractical to
calibrate the probes without using a holder for setting position and
orientation. The waveguide holder was used, and to average out the
inevitable field perturbation effects of the holder, three different
configurations of the holder with respect to the incident plane wave,
defined in Table II, were used.

The probe, in its holder, was placed on an RF-transparent block
of polystyrene foam at a distance of 5.0 m from a large rectangular horn
antenna, of nominal gain 22dB. The free-space wavelength for 2450 MHz is
= 12.2 cm and the maximum dimension across the face of the horn is

d = 64 cm. Using these figures, the distance between the probe and the
horn was calculated to be 1.49 d2/X, which puts the probe essentially in
the far-field of the antenna.

The anechoic-chamber-calibration results are presented itt Table 111.
Power-density readings performed using either of two Narda Microwave modt-1
8305 radiation monitors or a Holaday Industries model 111 1500 microwave
survey meter agreed within 5%. The absolute accuracy of ± 0.5 dB, or

12%, stated by Narda Microwave in their manual is assumed to be the
main error in power density. The measured probe responses in Table Ill



8

10 [ I I-U 1 11 111 1 1/ T - I I II11

VT ccpdn

n~ 092±0.02

I0:

E

.1' I I I LA ~ .. A. I I_ I I I I I I II

11 10 10
Free-Space Power Density, Pd(MW Cmei

Fig. 4. Calibration curve for the use of probe 7B in air.
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Fig. 5. Calibration curve for the use of probe 8B In air.
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TABLE I

Estimated Errors in Waveguide
Calibration Procedure at 2450 MIz

Source of error Estimated error

Absolute power readings t 2%
from HP 435A meter,

Uncertainty in coupling
coefficient of coaxial reflectometer ± 5%
(± 0.2 dB)

Variation of correction factor, X A,
with frequency, g ± 3%
0.2%/MHz over ± 15 MHz,

Reproducibility of the ratio, VT/Vl, ± 3%

From position in the small
standing wave pattern (VSMR < 1.05), ± 2%

Estimated Total Error

Maximum possible (worst-case sum) ±15%

Root-mean-square value, ± 7%

Best estimate (average of
the preceeding two estimates) ±11%

TABLE II

Definition of Configuration used for Probe and Holder in
Anechoic Chamber Calibration Measurements

Probe holder Probe angle for

Configuration Probe axis faces measurement of V1

(a) in EK planet horn dipole parallel to E-field

(b) in EK plane horn probe rotated 600 about its

own axis from (a)

c) in EH plane sidewall as for (a)

fThe electric field, E, is vertical. The magnetic field, H, and direction
of propagation of the wave, K, are horizontal.
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are indicative of the vertical electric field. The total response, VT, is
seen to depend on configuration. The best estimate of VT is taken as the
mean (± S.E.) of the three configurations. The standard error of 6 or 7%
in VT is added to the 12% power density error to give an estimated total
error of ± 18% for CA.

3.2 NARDA MICROWAVE WAVEGUIDE CALIBRATION

Most of the probes were supplied from Narda Microwave with a CA
value determined at power densities of 1 and 10 mW/cm 2 . Their method
involved inserting the probe through a small hole in the narrow side of S-
band waveguide and positioning it so that the dipole sensed the full
electric field at the center of the waveguide. Their CA values were given
for an ideal measuring instrument with infinite input impedance and have
been reduced 12% for direct comparison to our data, taken with a lO-Mohm-
input-impedance voltmeter.

3.3 COMPARISON OF CALIBRATION DATA IN AIR

The data from the Narda Microwave waveguide calibration, our own
waveguide determination and our anechoic-chamber measurements are
summarized in Table IV. The CA values are to be compared keeping in mind
the estimated uncertainties of ± 10% for our waveguide data and ± 18% for
our anechoic-chamber readings. Narda Microwave did not estimate their
measurement uncertainty. The data are generally in excellent agreement.
Our values for the power-law index lie between 0.01 and 0.04 below those
of Narda, but since the uncertainty in each number is ± 0.02, none of the
differences is significant.

4. WAVEGUIDE CALIBRATION IN TISSUE-EQUIVALENT LIQUIDS

4.1 INTRODUCTION

The probes are expected to produce a larger voltage for the same E2

value in any medium, "M", of dielectric constant, E' >' 1, than for air.
In other words, BM = BM (c') > BA. To evaluate BM '), the end section of
waveguide was filled with diffetent test liquids representing a range of
c'. The liquid-filled waveguide is separated from the air-filled waveguide
by a thin planar spacer inserted between the waveguide flanges. In the
air-filled waveguide only the TE1 o mode exists so that the electric field
only has one component, which is tangential to the surface of the spacer,
denoted Et (air). For our probe orientation, V1 is a measure of Et (air),

S(air) 2 (air) (7)
V1  = A Et

Using the boundary condition that the tangential component of E is
continuous across any Interface, and ignoring (for the moment) any change
in E within the thin spacer, the tangential component of E in liquid,
Et (liquid), would be the same value as for air. This should be true
regardless of the form of the modes propagating in the liquid-filled
waveguide. That is,

Et (liquid) = E t (air). (8)

t
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The response in the liquid medium is given by

V1 (liquid) = BM (W') F2 (liquid) (9)
Using Eq. (8) to eliminate the E-fields in equations (7) and (9) we get

BM (') V 1 (liquid, at interface) 
(10)

BA V1 (air, at interface)
By measuring V1 as a function of position on each side of the spacer and
extrapolating the curves up to the interface, the ratio of probe response
coefficients can be determined.

The electric field inside the test liquid is known (see Appendix
II) to decay exponentially due to the energy lost in heating the liquid.
The characteristic decay length for the electric field, 61 = 61 (W', a)
is defined by the equation

E(x) = E(o) exp(-x/61) (11)
where E(o) is the electric field at the interface and x is the distance
into the liquid from the interface.

Since we are measuring V1 (x) which is proportional to the square
of E(x) we have

V (X) = Vl (o)[exp(-x/6 1 ) ] 2

= V1 (o)exp(-x/62) (12)
where 62 = 61/2 is the exponenti~l decay length for V (x). 62 has also
been measured for the different liquids for comparison to the value
calculated (in Appendix II) from the known electrical properties of the
liquids.

4.2 TECHNIQUE

An attempt was made to use a thin-walled tray inside the
waveguide to contain the test liquid. The results were found to depend
critically on the height of the air gap between the top of the liquid
and the underside of the waveguide. As a result of this, all tests were
done in a specially constructed cell completely filled with test liquid.
The slot in the top of the cell is approximately half filled, resulting
in a power density radiating out of the slot which is about 1% of the
power density in the waveguide. This is neglected in the analysis.

The effect of spacer thickness on the measured quantities
BM/BA and 62 was also tested. There was no detectable difference
between the results using a spacer 0.25 mm thick and those using a
1.37-mm-thick spacer. A spacer thickness of 3.0 mm altered the results.
The thinnest spacer (0.25 mm) was used in all further tests.
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An analysis of preliminary measurements revealed two main sources
of error in this procedure - one due to the uncertainty in probe position
and the other due to the curve extrapolation process.

To eliminate the uncertainty due to probe position, measurements
were taken on each side of the spacer with both sides air-filled. Then
the position of each curve from the effective center of the spacer was
adjusted for the best-fit curve through the data on both sides of the
interface. This procedure reduces the position uncertainty to ± 0.2 mm
on each side of the interface.

The other appreciable error results from extrapolating the curves

on the air side. The combined uncertainty in the determination of BM/BA
resulting from these two errors is estimated to range from 0.2 to 0.6.
Approximately 2/3 of the error comes from curve extrapolation which in turn
depends on curve shape and slope. The worst case, ± 0.6, applies to the
water-glycerol solution which represents wet tissue. A computer curve-
fitting program would help here, but is not considered to be worth the
effort.

4.3 RESULTS

Typical results for Vl(x) measured on both sides of the interface
are shown for probe 8B in Fig. 6. As described above, the curves (a) for
air have been used to define the best "zero" for distance measurements
from the center of the spacer. The curves (b), (c) and (d) using the same
zero point show the increased probe response in test liquids. They also
show clearly the exponential decay of the voltage in the test liquids,
which appears as a good straight line on the semilogarithmic plot. The
curved lines on the air side of the interface show the standing-wave
pattern in air, which is known to be non-exponential.

The ratio BM/BA is taken from the curves extrapolated to the line
representing the center of the thin spacer. The results of all such
measurements performed on four probes using four test liquids are presented
in Table V. Wet tissue can be seen to have electrical properties closest
to the glycerol-water solution, which is taken to be the best model of
wet ti;sue in this study. The measurements on glycerol and water were
taken to help understand the data for the solution. All tests were done
at room temperature, 19-220 C.

All measurements of 62 are presented in Table VI. The data show
more inconsistency than expected from the estimated uncertainty of about

I mm, even though all curves in liquid were good exponentials. Possible
,4ourc es of variation include contamination of liquids or the use of I iquids
not at room temperature.

4.4 DISCUSSION

Regardless of the 62 values, the B /B ratios appear reliable
within the error of . 0.2 to 0.6 stated a ove. The average response ratio
has been tabulated for each test liquid and each probe. There are probably
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Fig. 6. Probe voltage vs position on both sides of a thin (0.25 rm) spacer
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small but real differences between some of the liquids and probes, as seen
in the table. As probes 7B and 8B were replacement probes received at
different times after the original set of probes, their fabrication was
slightly different. Both had dimensiois of 1.20 x 2.47 (4 0.03) mm for

the substrate cross-section compared :o the dimensions 1.20 x 2.35
(± 0.03) mm for all of the original set. In addition, probe 7B may have
been encased in a somewhat different substrate from the others since it
had a distinctively greener colour than the others.

The test solution of most interest is the water-glycerol solution.
The average response ratio is 3.00 ± 0.18 (SE). Taking into account the
worst-case bias of . 0.6 for any one measurement, the best estimate of the
error in the ratio is 1 0.6. The response of probe 8B, used for
measurements in tissue, can best be estimated by multiplying tle best value
for 1B1M/BA, 3.0 f 0.6, by the ratio of the average response of probe 8B,
2.15, to the average response of the whole group, 2.58, i.e., the best
estimate at BM/BA for probe 8B for the glycerol-water solution is
(3.0 . 0.6) x (2.15/2.58) = 2.5 ± 0.5. The result for probe 7B calculated
in the same way, is 3.0 i 0.6.

Tie dependence of the probe response ratio on dielectric constant
can be seen in Table V. The probes have a slightly lower response in the
high-dielectric-constant liquids than in the lower two ones. This is
contrary to the published curves of Smith (4), which were calculated for
a small cylindrical dipole surrounded by a cylinder of insulator. In
comparison, we have a small planar gold-foil dipole surrounded by a
relatively thin planar insulator. Our thin-insulator results arc more in
agreement with his results for "sufficiently thick" insulation, which show
that for all c' , 6 the response is independent of c', within 10%. We
measured a 20 to 35% (± 15%) larger response in liquids of lower L'. In
view of the moderate increase involved and the difference in probe geometry,
the disagreement between our results and Smith's calculation is not
,'onsidered important. The most important conclusion is that the response
r itio is so nearly independent of c' that the probes can be used in ill
types of wet (and some dry) tissue without knowing c' at all.

Bassen et al. (2) recently found a probe response ratio (BM/BA) of
).5 f0r simulated brain material and 5.4 for simulated muscle material in a
similar probe used at 2.45 (;Hz. They also reported a lower response ratio
tor materials with a lower i_' value. As the probe construction was not
identical and the dielectric properties have not yet been published, no
eXYdct Col:ipnrison can be made.

Another useful conclusion, deduced from the curves in solution, is
that there is no alteration in probe response as the insulated dipole

riihe .; as close as 1.7 mm to the air-solution interface, as predicted
hv :;nit ('i).

An attempt w.as made to determine the dominant higher-order mode
in cach liquid by comparing the measured value of 62 with the values
calctlated for several 'I modes, as shown in Table V1. The question
marks in the row for pure glcyerol indicate that it is doubtful if those
modes can propagate at all. Allowing for an error of ± 10% in any single
measurement of 2' it can be seen that all the single measurements are
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62 (TE1 o mode), as expected.

The standard error in 62 for water is 0.9 mm. From Table VII in

Appendix II, this corresponds to a temperature change of 2.21C. Each

sample of liquid was used at room temperature, 20.5 ± 1.5 °C, but sample
temperature was not measured in each case. It is clear that for water,
temperature variation could account for much of the scatter. A similar
result likely applies to 0.9% saline and the water-glycerol solution.

The data for glycerol may indicate a TElomode for probes 7B and

8B and a mixture of TE10 and TE30 modes for probes 5 and 6. The mode of
propagation may be sensitive to conditions at the interface. For example,
if the thin spacer were slightly curved, although this was never observed,
it might excite a different mode.

Because the measured standard errors are comparable to the

differc ce in 62 between successive TEmo modes, the propagating mode
cannot be determined for certain. It is most likely to be the TE1 0 mode
since that mode should be most easily excited by the TEIo mode in air on
the other side of the thin spacer.

5. USE OF THE PROBES IN DETERMINING ELECTRIC FIELD AND SPECIFIC ABSORPTION
RATE IN TISSUE

5.1 RECOMMENDATIONS FOR THE USE OF THE PROBES

Since the probes break easily and cannot be repaired one should
take care in all aspects of handling and use. As the miniature cable
connectors are awkward to use, care should be taken when connecting the
probes. Caution should also be exercised when inserting the probes into
tissue and in rotating them, once inserted. They should not be used in an
animal that could possibly move and break them. As a precaution against
damage, it is a good idea to watch the probe tip during all handling
processes.

Electrical burnout problems must also be avoided by using the
probes only with a battery-operated digital voltmeter with an input
impedance of less than 20 M ohms. As a precaution against charge
accumulation and subsequent discharge, the probe tip should never be
exposed to microwave radiation when It is not connected through the cable
to the meter.

5.2 DETERMINATION OF INTERNAL ELECTRIC FIELD STRENGTH

The relationship ' tween total voltage and total electric field,
given in Eq. 3 above, cay re-written as

T VT B A(13)
B i i
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Using Eq. 6 to eliminate BA, we have

E2 =(3770) T (14)
T (B BA) C1A

which only contains the measured calibration constants CA and (BM/).
If CA were constant, this would be the simplest way to calculate ET.
However, since CA depends slightly on VT, we can obtain the most useful
formula by using Eq. 5 to eliminate the ratio (VT/CA). The result is

2 (3770) Pd(VT) (15)
T  (BM/B)

M A

where Pd (VT) is the power density determined from reading the air
calibration curve for the probe in question at the value of VT measured in
tissue.

Probe 8B was used in all tissue surements. From section 4.4,

BM/BA is 2.5 t 0.5 for this probe, giving 4 = 1508 Pd(VT). Now if
VT = 10.0 mV, for example, then from Fig. 5, Pd = 10.0 mW/cm 2 and
ET = 123 V/m. The error in 2 is t 20% from the factor of 2.5 ± 0.5 and
f 10% from the Pd(VT) calibration errors (from section 2.3) for a total
error of ± 30%. This assumes perfect contact between probe and tissue,
or the physiological saline surrounding the tissue.

3.3 DETERMINATION OF SPECIFIC ABSORPTION RATE IN TISSUE

The specific absorption rate (SAR, W/kg) is given in section

1.1, by Eq. 1, as

SAR 
= (o/p) ET2

where is the tissue electrical conductivity, shown in Appendix II to be
1.9 ± ).2 mho/m and p is the tissue density, taken to be 1 g/mI = 103 kg/m
j 57. Combining equations I and 15, we obtain

SAR =  'BJ3770 P (16) (I,)
Fp B;,1/BA) d T

= f7.15 .d(VT) (16b)

I/BAI 2, O rm( nThe total uncertainty in SAX, including ± 30% from ET, ± 10% from and
57 from p, is about t 40%.

Continuing the previous example for probe 8B with BlI/BA = 2.5 and
VT 10.0( mV, the SA s 29 11 mW1og, includfng the total error of $ 40%.
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5.4 MEASUREMENTS OF INTERNAL ELECTRIC FIELD IN MICE

Cairnie et al. (6) have reported a wide range of dosimetry
measurements pertaining to the exposure of mice to 2450-MHz radiation
under far-field conditions in the NRC Anechoic Chamber. Part of that
study involved internal electric field measurements in the testis and
abdomen of 13 mice in 5 different orientations.

One major problem became apparent for the use of the probes in

tissue - the measurements were quite inconsistent between mice exposed
under the same conditions. The standard deviations of the measurements
were greater than half the mean in 10/14 cases. This is more than the
usual biological variability.

Two explanations for the large scatter in the results are possible.

One source of scatter is the inconsistent contact between probe and tissue.
As the planar probe tip is rotated in one testis it moves the tissue,
changing the shape of the testis and its degree of contact with the probe.
Each measurement was likely done with a different area of probe surface
in direct contact with tissue, as opposed to small air pockets. The use
of physiological saline on the preparation to ensure that no air
contacted the probe tip had limited success, partly because the mouse
could not usually be oriented to ensure that the saline did not flow away.

The second source of variation might result from the very strong

dependence of readings on depth of penetration into the tissue. In one
brief test, where the reading for only one probe angle was made, the
reading of V1 

= 7.8 mV with the dipole about 1 mm into testis reduced to
a constant 1.2 mV at 3 or 4 mm into the tissue. This 2- or 3-mm decay
distance is much less than the value of 62 = 9.6 mm calculated for the
decay of E2 for a plane wave penetrating a flat surface of material with
dielectric properties equal to testis. The effect may have been due to
the curvature of the surface or to changes in probe contact. In any case,
distance into the testis, which may be crucial, could not be precisely

controlled in those experiments.

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 S-BAND WAVEGUIDE CALIBRATION TECHNIQUE

6.1.1. Conclusions for Probe Calibration in Air

(i) The results of the measurements in waveguide, where the ratio
E/H + 377 ohms, must be converted to the power density equivalent to
free space using the known correction factor, A /A. This correction
is accurate and easy to apply.g

(ii) The results of air calibration measurements performed in three
different ways by two groups - ourselves and Narda Microwave - agreed
within the experimental errors.

(iii) Our waveguide technique for air calibration is easier than,
and more accurate than, our anechoic chamber technique (± 10% compared
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to + 18%, respectively). The difference is not important, however, since
most animal experiments involve the use of the same power dens ity meters
which gave rise to the ± 18% error in anechoic chamber calibrations in
the first place.

6.1.2 Conclusions for Probe Calibration in Tissue-Equivalent Liquids

(i) The probe response ratio, BM/BA, is determined by a direct method
involving only the continuity of tangential electric field at an
interface. The zero of position on each side of the interface is set
by measuring a standing wave pattern with air on both sides of the
interface.

(ii) Any spacer thickness less than 1.4 mm is likely satisfactory.
A 0.25-mm spacer was used in all tests.

(iii) Care is required in setting and measuring position, and in filling
the test cell to the correct height of liquid.

(iv) The method is very well suited to studying response as a function
of dielectric constant.

(v) The measurements in liquids always showed an exponential decay,
i.e., a straight line on semilog paper. The measurements in air were
curves on semilog paper, giving rise to appreciable e xtrapolation error.

(vi) The measured 62 values are reasonable, but due to the effects of
temperature and the close spacing of the 62 values for the higher order
modes, the measured 62 cannot be used to precisely determine the actual
higher order mode propagating. The TEl0 mode is likely the only
propagating mode.

6.1.3 Recommendations for Future Work in Tissue-Equivalent Liquids

(i) Additional accurate data on the dielectric properties of pure
liquids and solutions is required at 2450 Mhz.

ii) Tests in liquids at higher temperatures c~uld be used co check the
effect of tissue temperatures near 35 to 40 oC on probe response.

(iii) For further work to identify which higher-order modes are
propagating: liquid temperatures must be controlled and measured; a
thicker spacer should be tried to ensure no bending of the spacer
interface; and the VSWR on the air side of the interface should always
be measured as a check on the consistency of the propagating mode patterns.

6.1.4 Comparison with the Technique of Bassen et al.

Bassen et al. (2) measured fields through the cenLcr of a sphere
of tissue-equivalent phantom material exposed in an anechoic chamber.
The following compariscns are made:

(i) Both techniques recuire the construction of a small amount of
specilized equipment.
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(ii) They had to use a low-pass 0.5-Hz filter to reduce noise resulting
from flexure of the probe as it was moved through the sphere. We had no
such problem. A new prototype rigid probe design has significantly
reduced flexure noise.

(iii) For materials equivalent to wet tissue, our probe response ratio of
3.0 ± 0.6 agrees with their value of 3.6 for brain-equivalent material,
but disagrees with their value of 5.4 for muscle-equivalent material.

(iv) The waveguide and sphere techniques are complementary, each having
its own advantages and disadvantages. The advantages of the waveguide
technique are: (1) The test liquids are easier to work with than the
semi-solid materials used in the sphere method; (2) The calculation of
the field pattern on both sides of the air-liquid interface is much simpler
than the calculation for inside the sphere; (3) The comparison of the
measured and calculated 62 values provides a check on the accuracy of the
measured (or assumed) dielectric properties; (4) The errors in the
method can easily be assessed.

The advantages of the sphere technique are: (1) Spatial averaging
is done over the non-uniform field distribution; (2) The extrapolation
of measured curves to locations inaccessible to the probe dipole is
avoided; (3) The peak E field is located by passing through it.

6,2 PERFORMANCE EVALUATION FOR THE BRH-NARDA MINIATURE ELECTRIC FIELD PROBE

6.2.1 Performance in Air

(i) rrobe output voltage has been found to be proportional to E n,
from 0.5 to 15 mV, with a slightly decreasing response above 15 mV.
The value of n is 0.95 ± 0.02, very close to unity.

(ii) Probe sensitivity ranges from 0.89 to 1.31 mV/mWcm- 2 for the five
probes tested. The difference is large enough that a separate calibration
curve is needed for each probe.

(iii) The small probe size makes it useful for measuring fields in any
location which cannot be reached by conventional power density meters
because of their large, 5-cm-diameter, sensors.

6.2.2 Response in Tissue-Equivalent Liquids

(i) The increased probe response in tissue-equivalent liquids is
expressed as the "probe response ratio", BM/BA. This was found to be
approximately independent of the liquid's dielectric constant, within
± 15%, including values of dielectric constant as low as 6.3 (for
glycerol). This result differs from Bassen's (2) and also does not agree
with Smith's calculation (5) for a cylindrical dipole inside an

electrically small cylinder of insulator. As our dipole is a thin foil
embedded in a thin planar insulator, the geometry is sufficiently
different that another result might be expected. Because response is
independent of dielectric constant, the probes can be used in any wet or
dry tissue where they can be inserted without breaking.

._ : .• .....
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(ii) The overall average value of EM/BA measured for four probes in four
test liquids is 2.57 ± 0.11. Including possible bias in the zero of
position measurements, the error is more likely about ± 0.4, which we
consider acceptable.

(iii) Tile best model for wet tissue is the water-glycerol solution
(70:30 v/v) which has c' = 58.5, e' = 19.5 and BM/BA = 3.00 * 0.18
(mean ± SE for 7 measurements with 4 probes).

(iv) The response ratio averaged over all liquids was found to be almost
independent of probe. Only probe 8B (EM/BA - 2.15 4 0.14 (N =6))
differed significantly (t = 2.698, 20 d *f., p < 0.05) in its response
from the average of the other three probes (EM/BA =2.73 ± 0.12 (N = 16)).
Other workers using their own set of similar probes need not calibrate
them in tissue-equivalent liquids - it would not be worth the effort.

(v) There is no problem using the probes near an interface between any
two different materials. The response did not change when the probe was
brought as close as 1.7 mm to an air-liquid interface, in agreement with
Smith (5).

6.2.3 Results in Tissue

(i) The experience of Cairnie et al. (6) making measurements in mouse
abdomen and testis indicates it is diTfficult to obtain good reproducibility
of measurements. This may result from irregular tissue contact or a
strong dependence of results on probe depth in tissue.

(ii) To improve the consistency of tissue contact, the mouse should always
be used prone so that applied saline will not run off. This necessitates
the creation of an electric field in the anechoic chamber of either vertical
or horizontal polarization, depending on the mouse orientation being
investigated.

(iii) Ani attempt should be made to control more precisely thle probe depth

and position.

6.3 RECOMMENDATIONS FOR IMPROVEMENTS IN PROBE DESIGN

(1) A more rugged mechanical construction for the probes is essential
to prevent breakage. This has been done for the newer versions of the
probe.

(ii) If other users have also had problems with electrical burnout of
probes, this problem must be investigated and solved. It does not seem
likely that the problem lies with our electrometer, since all our tests
indicate it is functioning properly.

(iii) The Microtech EP-7S-l six-pin miniature connector has been found
very awkward to use. There is too great a danger of dropping the probe
or hitting the tip against something while struggling to connect or
disconnect thle cable, particularly for inexperienced operators. A now
2-pin connector should be selected.
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(iv) Rotating the flat probe tip in tissue increases the chance of tip
breakage. It also may change the degree of contact between probe and
tissue which would greatly affect the readings. If the last 5 cm of the
probe were made into a rigid, pointed cylinder, this would make insertion
easier and the contact more consistent. This has been done for one of
the newer versions of the probe.

(v) The tip diameter, just less than 3 amm, is too large for use in many
small-animal organs, such as the testis of a mouse.
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APPENDIX I

CALCULATION OF POWER DENSITY IN AIR-FILLED WAVEGUIDE

For a TE 0 mode travelling along a waveguide with a (reflectionless)

matched load, the electric (E) and magnetic (H) field patterns have been
described by Moreno (7, p 113). The (x, y, z) co-ordinate system has the
origin at one inside corner of the waveguide. The x-axis runs from "0" to
"a" across the broad face of the waveguide. The y-axis runs from "0" to "b"
across the narrow face of the waveguide, and the z-axis runs the length of
the waveguide.

The E- and H-field patterns are given by
Ey = E sin(7x/a)sin(wt - Bz)

H = sin(x/a)sin(wt - z)

E =E =H = 0
x z y

H - 0 (but is not needed).

Here, w is the microwave angular frequency (rad/sec), a is the propagation
constant and Eo and Ho are constants to be determined.

The net power flow along the waveguide may be calculated from the

z component of the Poynting vector;

4. -). +)

S = E x H (18)

Sz(x,y,t) is the instantaneous energy flow per unit area (W/m2).

S (x,y,t) = E H - E H (19)zxy y x

= -E H , since E is zero everywhere. The minus
sign, which just indicates theYdrection of energy flow, will be dropped,
leaving

S (x,y,t) = E H sin2 (Trx/a)sin 2(Wt - Oz). 
(20)

Defining the power density, Pd(x,y) as the time average of
S (x,y,t) over one cycle of oscillation, and defining Pd(c) as the power
density at the center of the waveguide, the above equation reduces to

Pd(x,Y) = Pd(c)sin2 (rx/a), with (21)

Pd(c) = Pd(x = a/2, y = b/2) = E H /2 (22)

= E H (23)
c c

where E. and Hc are the rms E- and H-field strengths at the center of the
waveguide.

. . . . r 1 . . .. - I . . . . . . ++ . . :
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Defining P. as the net power flow along the waveguide, it is
calculated as the integral of the power density over the cross-sectional
area of the waveguide i.e.,

b a
P f f Pd(xy) dx dy (24)

a b P' (c)/2. (25)a Pd

Rearranging equation 25 gives

2Po 2 P_, where (2b)

(c) - ab A

A = ab is the cross-sectional area of the waveguide.

For the TE10 waveguide mode the characteristic wave impedance is
not the same as Z = 377 ohms, which applies to waves in free space. It is
given by Moreno ( , p 34) as

E /H = Z = Z (X /X) (27)y x 0 g

for all x and y. X, the free-space wavelength, and Xg, the guide wavelength,
are related to each other and the cut-off wavelength, Xc, by the well known
(Moreno 7, p 123) relationship

1 1 1 (28)
2 2 2

g c

where X = 2a.
c

Applying the definition of Z to the power density formula givis

P' (c) = Ec Hc = E 2 / Z = ZH 2  
(35)

E2,
Since the probes actually measure E , not P' and since Z z

the calibration in waveguide must be corrected to relate it to the power
density at the center of the waveguide equivalent to the free-space
situation, Pd (c), defined using Z .

From equations 27 and 39 we have

c '( )(30)
Pd (c) Z - (0)

0
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The formulas will now be evaluated for the case of a forward power

of Po = 1 watt, a frequency of 2450 MHz, and standard S-band waveguide

(WR-284).

a = 7.214 cm

b = 3.40 cm

X = 2a = 14.43 cm
C

2
A = ab = 24.51 cm

P = 1 watt
0

k = 12.24 cm

X = 23.09 cm
g

/A = 1.89g

Z =Z = (377 ohms)(1.89) = 713 ohms

E = 762 V/m (rms)
c

H 1.070 A/m (rms)C

P' (c) = 816 W/m
2 = 81.6 mW/cm

2

Pd (c) = 154 mW/cm 2

Changing the frequency by 10 Mlz to 2440 MHz makes Ag/, = 1.91, only

1K different from 1.89, so the effect of small changes in frequency are

ignored in this work.
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APPENDIX I1

DIELECTRIC PROPERTIES AND CALCULATED DEPTH OF PENETRATION

FOR 2450-MHz RADIATION IN VARIOUS MEDIA

The dielectric properties and calculated depth of penetration f.
several different modes of propagation in various material.; of interest ar.
listed in Table VII. The gozl of the calculation is to att-mpt to identily
the actual mode propagating in the liquid by comparing the measured .,, valu,
to the calculated ones for the various modes.

The standard complex number notation for electromainetie wa';es
propagating in any homogeneous isotropic medium is used in this Apcundi.
lhecomplex dielectric constant, or relative permittivity, iL. ther,,fori
defined as C = c' - jE''. The electrical conductivity, ', is" "iwvn by
i 'o, where co = 8.85 picofarad/m, w = 27Tf, and f 2.4 Glz.
With o expressed in mho/m, this reduces to E'' = 7.34 o.

The tabulated dielectric properties are taken from the refurc11 ,
given. Since E'' and 0 are both ja common usage, both are given. ''r
phvsiological saline (9 g/l NaCl) , the data of Chou and (GLIV (,i) for mamm, i'M
Ringer solution are used, as the two solutions are electrically very similar.
Testis was assumed to have properties equal to the average of skeletal mu..c
and liver, two other wet tissues that have been measured at frequp, ncics
near 2.45 GHz. In particular, the muscle and liver data quoted by liasted (0,
p 229) for 1.00 and 3.00 GHz were used in a linear interpolation c;ilculitiroi.
The dielectric properties of water were calculated using linear i ntcr,:<t i
iH temperature and frequency from the data of three different papers qgo~t ,
by Hasted (9, pp. 43-45). The data included frequencies of 1.744, 2.6 1rk
3.00 GHz and temperatures of 20, 25, 30 and 40 °C.

Thu propagation of different modes in waveguide, w1heI d 15rili ri

using the complex number notation, has E- and H-fields which vary alone til.
wavcguide as exp(- z). y, the propagation constant, is a eomplex 1urnMI't
writte. .s

Y = ii +- (I I

wh,. r . , is the "attenuation colstailt' and iV is the "phase constaLt". i1]]

". ire real numbers with dimensions of inverse length. For a mode, propa,.it in,
iii i waveguide completely filled with a homogeneous, isotropic inatriail of
complex dielectric constant c, ) is given by

, = Il )( '  )2_E)
C

whert, '- i- the cut-off w;ave]( 1gt h for the mode in tiestiou in ii . r-I ,
wav,.,idi. Since 12.24 cm this reduced to

--0.5,1$ m ((12.24/ ,)d ' +
- +
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The same equation applies to the propagation of a TEM mode in an unbounded
medium when Ac is set equal to infinity, which applies to the actual
situation in tissue.

Many higher-order modes can propagate in liquid-filled waveguide.
For example, for 6 = 49 - jO, IE' = 7 and TEmo modes as high as the TE80
mode may propagate. In our case, since the TE1 0 mode is the only mode
present on the air side of the interface, we expect most of the energy to
go into the TEmo modes in solution, but not necessarily the TE10 mode.
The cut-off wavelength for the TEMO mode in air-filled waveguide, denoted
Xcmo, can easily be shown (Moreno (7), p 120) to be given by

A cmo 2a -14.43 cm (34)
n m

Using the values Xclo = 14.43 cm, Xc30 = 4.81 cm and Xc50 = 2.89 cm, 62 for
each of the corresponding modes in each test liquid was calculated.

62 for the TEM mode in an unbounded medium is also given in the

table to show that it never differs appreciably from the value for the TE10
mode.

The significant effect of temperature on can be seen in the
table for water, where the rate of change of 62 is 0.4 mm/deg C.



UNCLASSIFIED

stC tIrity CI ... ,*cmelo,

DOCUMENT CONTROL DATA R & 0
( i. ., sIy .3t, .t (0rt ( 1,1 tlI ()( tI 4t

1
*t, .tl(I ,( I *flf l,~ I)(,IAI,(JflI titUS It.

* 
('ltli,,y*I W I t b, l'fl ,t .'u.r* nl * [lI.l

1 0I4IC0,AiI NC, AT lviiV 2. DOI MF N I' I 'rUNS TY C1 ASCIF f( If IUN

Defence Research Establishment Ottawa .... Unclassified
Ottawa, Ontario KIA OZ4 12b GROUP N/A

1 OOCU1"J Nt t I1 I.E

TECHNIQUE FOR CALIBRATING MINIATURE ELECTRIC-FIELD PROBES FOR
USE IN MICROWAVE BIOEFFECTS STUDIES AT 2450 M}z: EVALUATION AND CALIBRATION
OF BRH - NARDA PROBES (U) ......

4 N ~ Iv -OTf S I~*fIIffI.1 1f 'i ~
Technical Note

Hill, Douglas A. and Hartsgrove, George W.

6 OOCI'J'TI [)AT F 7a TOTAL NO OF PAOES 70 NO (if PFS

Dec 80 33 i!

Ra. PROIFC OR GRANT NO 9a ORIGINATOR'S DOCUMENT N&'MBEHISI

16C DREO-TN- K-31

8b CONIRACT NO 9b. OTHER DOCUMENT NO IS) (Any , ,, . f.- l ,, te

a'f9gnel this (curnPn)

10 DISIRIlHLJlION SIA[MENI

Unlimited distribution

11 SUPKI ENATARY NOTES 12. SPONSORING ACTIVITY

13 AHSTRACT

A ;et of miniature probes for determining electric fields in t -'.,}e
Was ev]P,:atcd arnd calibrated for use in microwave bioeffects studies at
2450 !Mz. The calibrations in air and tissue-equivalent liquids were car-ed
out using a new S-band waveguide technique. The air calibration using wavc-
guide has an accuracy of ± 10% compared to ± 18% for our anecboic-5hamber
calibration. The average probe sensitivity in air is 1.0 mV/mWcm for the

five piolbs calibrated and varies slightly with power dtnsity and probe.
To e ,.ti!;ate probe st,&::sitivity in tissu. e, a section of waveguide is filled with
a ti sic- -uivalint liquid and is separated from the air-filled wavrgulidc by a
verv thin (0.25 im) planar spacer. Tlhe probe response is meaqured as a function
of ;psit i n on I)thor side of the spacer ..nd extrapolated to the interface.
The ratio of probe s-nsitivity in air to that in test liquid is then doteinined
using the continuity of tangential E field across the spacer. liquids with
dielectric properties simulating both wet and dry tissues were used. For the
water-glycerol solution modelling wet tissue the probes are 3.0 ± 0.6 times
more scnsi tive to E2 than for air. When used in tissue the total calibration
error is (-stimated to be 4 30% for E2 and ± 40% for the specific a!sorpticn
rate at Ie site. One of the problems with this probe design, the mchanical
weakn,;s ncar the tip, has been eliminated in newer designs. The othlr ii-l !in,

that the size of the probe tip (,L3 rmm) is too large for opti;--al usc in s4:ahl-
a nm~al (i:rF,,ns, is n(,re difficult to solve. (U)

il%1%



Unclassified

KEY WORDS

(1) microwave

(2) bloeffect

(3) electric field

(4) waveguide

INSTRUCTIONS

IOR ICINA I INi, A C Iy IV oe I h Yi; 1,, 1 dress of t he olim O1lIER DOCUMENT NUMBER(S) if the iorent has tene
oij~niiinisuigthe document. assiyned any other document numbers Ierrhei bry the -9-yiafoe

or by the sponsor), also enter this number(s).
security iI.r%sif~cii~ion of the' iticnieft noititliny siiecial "arning 10 DISTRIBUTION STAT E'MIENT Enirri any limititrons on
f1, ns1-r1 ee applicable. turteri dissemination of the document, other than' those rirpoed

2b GROUP Eiiter .ecuitty ietlassfiation qliouipritnibei The threetr euoclsicaonuigstnde ttmnsschs

qir,1. die .te..i.i Ii- Agciperi tM et nI r the .?t SccuuetV Fegiila:mOns. 11) OCitualfimf ivoiiesters may obtain copies of this
docicrient humr their detlente dlocumntfation ni.

3 DOCOMENT Ii rI i Enter the inipitir ulcituirint title in, aft
eatlii crieS iirs 1eIii all cas~es shocildif , r, iniassitied It a 12) "Announcement and dissemination of this clomimnent
sic icemIt, 'Im eci o ie title C innot tie selecte -Iiithrt . cissiti is not ai thor a

1 
without piltot lapfpioval Ii ur

earini. shn title fIasmtcairit.i with the usuia
t 

n l iit letter Originating activity
iir'.tiii i ~oi~ iieesrmnetaely ulirir the title.

11. SUPPLEMENTARY NOTES Use to, amditionaf escianary
4 OE SCRIP' IVIF NOTES Twnro, the rctuVir of licutnient. egq notes.

lt hmicai -imil, techinical note or trehnrical fettet. If atpi~opri.
ate. enoir, the ofp ii moiiu-nt. eq inei potieti, 12. SPONSORING ACTtVtTY Enter the name of the, drstaiti'eital
siimnridi. aimitial ... final Gypr the inccisine tlatrs whfen a prolect office or fatroraitt Rponsorinig the mrrsramch arid
specilic mep00-mo --iod is crmeeredl. development. tncfitde address.

5 AUTIIORISI: Entei the iramelf of aiitlmntfsl as sho~wn on or 13, ABSTRACT. Entet an airstract givinfg a bief anti factual
in the Ic .......eri. Cite, last namne. tirst riarric -ire initial sumnmary of the documient, even though it "iay also appear
Ift m-iiary. show rank The name, of tile prilitipal hrtthor is an elsewhere in the body of the document isetf It is highly
alult ...mmmr reojmmeiet desirable that the alrslmact of classified dlocutmints be inelast

tIed Each paragraphs of the abstract Shall end ith an
h IlUCUME NT OAT U Enter the dlite 1 rut. nth, yeail of indication of the security clurssiticamcan of thtirmlo~iri on

E ialiih iieiit runtnmoval tfoi piurlicait n of the ilocicinent. in tie paragraph uonless the document itself is uittassf mcdl

7.., TOTAL NUMBERS Of PAGES The bida page touint should rpeetda is.ii c.() fii

folliw ni-iiaf pag-itrn ) roceiiumes. I e enter the number The tengthm of the abstract shoulfd be tiwitcif to 20 .,riglp spaced
'If paget I ontann information standard tyfpewitten lines. 71A riches long

lb NIMPE R OF RE PFI-RE NIFS IFfiter the total nrmniet of 14, KEY WORDS Key words are techtcafty mreaningfirt terms or
irli,rei ieid in thre dur.iunt, short trhrases that charactertije a icurnent Andf i old bre hsetpfut

fi catafoging the dfocumnent Key words should be selectest so
Pa. fiffJ EU1 OR 1,11A N NUEMREHf It icitropi tie. enter the that no secuitry cfassrfiitat~o isi rt~imtit Idenrtif iers. Such as

icp 10ili .ris...a,, h -n0trrtirrrr~r t~Iree ii girifnt rumbier equip~rment model descqrratrn trade name, military projfect cide
unifur -hhrhe . ... I hi, -frtmirm iswtten name, goGrlirrhiC tocatrion, uay lie usesd es hey words but aIl

tie fuollowedi by an indiiton of fechnicaf conflect.11ft CONTRAC.1 NUMBERH ft .irtnir erfei ftre rippicable
.... rilr -,defir whiefi th. -rttnmrr as writ m

93. ORtt1rfNATOff5S IIOCUM(I NUMBERfSf Fit, thre
r1.......Im "olte. by mhrr1r thmili. uunr- ril -It Ire

dnIrIr Idiet. rth mitlte tryIfe riwniijrtiit.this
riunilirri t r 1W U urije hid lot. tiitr I




